Intrinsic antimicrobial resistance of Escherichia coli is elicited by the gene products of the multidrug efflux acrAB-tolC operon. In this paper, we have shown that acrAB is regulated as a function of the growth rate of E. coli during growth in batch and chemostat culture. In chemostat culture, expression of acrAB is inversely related to growth rate irrespective of the limiting nutrient. The level of expression of acrAB is greater under glucose limitation compared with either iron or nitrogen limitation. Increase in expression of acrAB confers a greater resistance to ciprofloxacin, and the implications for a clinical situation are discussed. Slow growth rate regulation of acrAB transcription does not require the presence of the stationary-phase sigma factor. A putative gearbox consensus sequence was identified at the 310 region of the acrAB promoter. ß
Introduction
The in£uence of nutrient limitation, and hence slow growth rate of various harmful bacteria, has been extensively studied in chemostat culture and also within bio¢lms. It has been unequivocally demonstrated that a decrease in growth rate of bacteria is accompanied by rapid alterations in cellular structure and composition associated with resistance to a wide variety of chemicals. The mechanisms involved are: variations in the cell envelope proteins [1] ; decreased peptidoglycan biosynthesis [2] and altered phospholipid patterns [3] . Studies have shown that multiple drug e¥ux pumps, sometimes with unusually broad speci¢city, act as major factors to create the general intrinsic resistance of Gram-negative bacteria to natural and synthetic antibacterials [4] . One such e¥ux system encoded by the acrAB-tolC operon expels a range of antibiotics including L-lactams, £uoroquinolones, novobiocin, tetracycline, erythromycin, and fusidic acid [5] . Expression of the inner membrane transporter AcrB, and outer membrane channel TolC, has been shown to be mediated by AcrA [6] . It is likely that in an infectious situation, pathogenic bacteria are under considerable stress, i.e. they are nutrient-limited and grow very slowly. Iron-limitation of bacterial growth is particularly relevant in serum and other body £uids such as lungs, gastrointestinal tract, peritoneal cavity and urinary tract [1] . Work in our laboratory has shown that E. coli strains able to synthesise the stationary-phase sigma factor (c S ) possess a greater intrinsic resistance to antimicrobial compounds compared with strains that cannot produce this slow growth gene regulator [7] . In the present study, we have investigated the e¡ect of nutrient limitation and growth rate on the transcription of acrAB in E. coli during batch and chemostat culture, and assessed the involvement of c S in regulating transcription.
Materials and methods

Strains and culture media
E. coli W4680 (F 3 , vlacZ39, rpsL45, metB1) containing a single copy reporter plasmid, pNN602, encoding a tran-scriptional acrA^lacZ fusion, [8] was used in all experiments.
Components of MOPS medium were as described in [9] . Chloramphenicol (25 Wg ml 31 ) was used to maintain pNN602.
Transduction
Phage P1vir was used for transduction of rpoS: :Tn10 into E. coli W4680 according to the procedures in [10] . At each change in dilution rate (speci¢c growth rate), 3.5 vessel volume exchanges of medium were allowed to occur before the steady state was determined, and con¢rmed by recording constant OD 600nm readings. Growthlimiting medium was fed into the vortex of the bulk liquid to ensure rapid mixing. Cultures were grown aerobically at 37³C and 1200 rpm. Dissolved O 2 tension above 50% air saturation was maintained during the course of the fermentation. The pH was maintained at 7.2 by the action of MOPS under ammonium and glucose limitation and by the addition of 3 M NaOH during iron limitation.
Batch and continuous culture
Resistance determination of E. coli
E. coli W4680 was inoculated (initial OD 600nm of 0.1) into MOPS medium containing either glucose (0.4% w/v) or pyruvate (0.93% w/v) as carbon source, and grown for 12 h in universal bottles with agitation at 160 rpm. Cells were resuspended in fresh medium to an OD 600nm of 1.0, containing various concentrations of cipro£oxacin and cultured for a further 2 h before determining acrAB expression and viable cell counts (TVC).
L-Galactosidase assays
L-Galactosidase (LacZ) activity was assayed essentially as described in [10] . Cell pellets were resuspended to 1 ml with Z bu¡er and the cells were disrupted by the addition of two drops of chloroform and one drop of 0.1% (w/v) SDS prior to vortexing for 10 s. The results are expressed as Miller units.
Plasmid copy number
E. coli W4680 (pNN602) samples for plasmid analysis were taken during iron limitation. Samples were adjusted to an OD 600nm of 0.10. The plasmid was puri¢ed from 10 ml of the adjusted culture sample using Wizard 0 Plus SV Miniprep kits (Promega), and eluted in 100 Wl of ddH 2 O. Samples (15.8 Wl) of the plasmid preparations (including two-fold serial dilutions of a plasmid preparation of known DNA concentration) were digested for 4 h at 37³C with 20 U of NotI (Promega), 20 U of HindIII (Roche), in Multi-core1 bu¡er (Promega) and 2 Wg acetylated bovine serum albumin (Promega) in a ¢nal volume of 20 Wl. Samples (9.9 Wl) of each digested plasmid preparation were analysed by electrophoresis in a 0.8% (w/v) agarose gel in 1U TBE bu¡er at 20 V for 17 h. The gel was stained for 45 min in 1 Wg ml 31 ethidium bromide, and visualised under 302 nm UV light and recorded using a GDS 5000 Image Analyser (UV Products, Cambridge, UK). Fig. 1 shows the means of results for samples taken as follows : for the iron^MOPS batch culture, duplicate £asks were sampled once at each time point to determine OD 600nm and sampled twice from each £ask at each time point for LacZ determinations; for NB batch cultures, three identical £asks were sampled once at each time point to determine OD 600nm ; and once from each £ask at each time point for LacZ determinations. Fig. 2 shows representative results from single experiments, which were repeated twice and for which all parameter determinations were simultaneously carried out at least three times. Table  1 shows the means of results of two experiments. All parameter determinations were carried out twice.
Reproducibility
Results and discussion
Batch culture
To assess the in£uence of growth rate on acrAB expression, we have used E. coli W4680 (pNN602), which contains an acrAB^lacZ transcriptional fusion. E¥ux gene expression was measured as L-galactosidase activity at various time points and growth rates. In Fig. 1 , we show that during batch culture in triple-ba¥ed Erlenmeyer £asks (250 ml) containing 50 ml iron-limiting MOPS medium with 0.2 mM 2,2P-dipyridyl aq , expression of acrAB in E. coli W4680 (pNN602) paralleled cell growth and reached a maximum at 8 h, corresponding to the end of exponential growth. However, in a nutrient-rich medium, such as NB, onset of acrAB expression did not occur until late exponential phase and then slowly continued through into stationary phase, reaching a maximum at 24 h. The relationship between the level of L-galactosidase activity at entry into stationary phase and that in exponential phase was also di¡erent in the two media. L-galactosidase activity at entry into stationary phase in NB was higher than in ironM OPS minimal medium. The di¡erence may be due to the presence of glucose in the minimal medium causing catabolite repression of acrAB expression (see Section 3.2). The speci¢c growth rate in the iron-limiting MOPS medium was 0.32 h 31 compared with greater than 1.0 h 31 in NB. These results suggest that slow-growing E. coli, even in the absence of antimicrobial compounds, may up-regulate expression of acrAB. To help discriminate between the e¡ect of slow growth and nutrient limitation on acrAB expression, E. coli W4680 (pNN602) was grown in chemostat culture.
Chemostat cultures
To study the growth-rate regulation of acrAB expression further, steady-state chemostat cultures of E. coli W4680 (pNN602) were established in a 2-l chemostat (Bioengineering KLF 2000 fermenter) containing iron-limiting (with 0.2 mM 2,2P-dipyridyl aq ), ammonium-limiting or glucose-limiting MOPS medium. Fig. 2 shows that when E. coli W4680 (pNN602) was grown under either ironlimiting, nitrogen-limiting or glucose-limiting conditions, expression of acrAB increased as the dilution rate decreased, which con¢rms that up-regulation of acrAB is inversely related to the growth rate of the bacterium. It is interesting to note that the MexA-MexB-OprM multidrug e¥ux system of Pseudomonas aeruginosa was reported to parallel cell growth and reached a maximum at the end of exponential growth (estimated W max = 0.5 h 31 ) in a de¢ned minimal medium [11] . These authors did not comment on the e¡ect of slow growth and expression of mexAmexBoprM, but it does seem likely that a similar up-regulation of e¥ux gene transcription occurs during slow growth of P. aeruginosa, as seen in our experiments with E. coli.
It is di¤cult to draw de¢nitive conclusions about the signi¢cance of these results for clinical infections, but it is most likely that within a host environment, infectious bacteria will be nutrient-limited, concomitant with a very slow growth rate (W 6 0.4 h 31 ) [2] , which will lead to increased transcription of multidrug e¥ux genes of the acrAB type. Increased expression of e¥ux genes will provide infectious bacteria with a greater chance of survival under adverse environmental conditions, even in the absence of antibiotics. It is likely that in the presence of antibiotics or biocides, bacteria with active e¥ux pumps will lower the cellular concentration of these compounds, which may lead to the selection of bacteria with several mutations and the emergence of highly resistant organisms. Fig. 2 also shows that under glucose limitation, the level of acrAB expression (as indicated by the L-galactosidase levels) in E. coli W4680 was higher at all growth rates, compared with either iron or ammonium limitation. It is known that growth on low concentrations of glucose stimulates cAMP synthesis and cAMP is an important factor in bacteria adapting from glucose-excess to glucose-limited growth conditions [12] . This suggests that cAMP may act, via CRP, as a positive regulator of acrAB expression during carbon limitation. It is possible that the level of plasmid (pNN602) may alter at di¡erent growth rates, and this was investigated in iron-limiting culture. It was found that the level of plasmid did not markedly alter with a change in growth rate (data not shown) and indeed there was slightly less plasmid DNA (pNN602) at W = 0.05 h 31 compared with W = 0.2 h 31 . We are thus con¢dent that the changes in expression of acrAB observed in the experiments described are not due to changes in the stability or copy number of the plasmid at varying growth rates.
Increased expression of acrAB confers a greater resistance to antibiotics
To determine whether increased expression of acrAB can confer an increase in resistance of E. coli to antibiotics, cells were challenged with various concentrations of cipro£oxacin. Growth of E. coli in MOPS^pyruvate leads to a two-fold increase in expression of acrAB, compared with expression in MOPS^glucose (Table 1) , similar to di¡erences seen in chemostat cultures (Fig. 2) . At all concentrations of cipro£oxacin, viable cell counts were greater when E. coli was grown in pyruvate, compared with glucose, which suggests that increased expression of acrAB, observed when E. coli is growing at low growth rates, can confer a greater resistance to antibiotics. Results show that the level of expression of acrAB is not greatly diminished by high concentrations of cipro£oxacin. Cells that are able to produce and maintain high levels of e¥ux pump, such as the AcrAB-TolC type, at slow growth rates, will provide Gram-negative bacteria with an e¡ective barrier to £uoroquinolone antibiotics and lead to an increase of resistant bacteria.
Slow growth regulation of acrAB expression is not controlled by RpoS
The increase in acrAB expression as cell growth slows, especially during growth in a rich medium, is characteristic of genes regulated by c S encoded by the rpoS gene [13] . This is an alternative to the housekeeping sigma factor c 70 , which is preferentially used during rapid growth in exponential phase.
L-galactosidase activity was measured during the growth of E. coli W4680 rpoS: :Tn10 (pNN602), constructed by transducing rpoS: :Tn10 from E. coli UM122 [13] . The presence of the rpoS: :Tn10 allele was con¢rmed by the inability of cells to produce oxygen in the presence of hydrogen peroxide and the inability to detect c S by immunoblotting (results not presented). The growth of E. coli W4680 rpoS: :Tn10 (pNN602) in NB was una¡ected by the inactivation of rpoS, and the increase in expression of acrAB during deceleration of growth was not reduced in the absence of c S (data not shown), thus resembling other slow growth phase-induced genes which do not require c S for expression [14] . Transcription of acrAB, up-regulated by slow growth, is typical of a`gearbox'-regulated gene and it is interesting to note that the 310 region of the acrAB promoter sequence (CGAGGTTT) resembles a gearbox-type sequence homology (CGGCNAGT), rather than a c 70 consensus sequence (TATAAT), [15] . Work is now continuing to elucidate the mechanism of regulation of acrAB during the slow growth of E. coli.
